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Final	  Technical	  Report	  
	   Design	  and	  Preparation	  of	  Nanoparticle	  Dimers	  for	  SERS	  Detection	  

Professor	  Guillermo	  C.	  Bazan	  
Departments	  of	  Chemistry	  &	  Biochemistry	  and	  Materials	  

Center	  for	  Polymers	  and	  Organic	  Solids	  
University	  of	  California,	  Santa	  Barbara,	  CA	  93103	  

	  
Abstract	  

The	  overarching	  objectives	  of	   this	  proposal	  were	  to	  develop	  novel	  reagents	  
for	   the	   detection	   and	   identification	   of	   various	   proteins,	   antibodies,	   and	   antigens,	  
based	   on	   the	   remarkable	   sensitivity	   afforded	   by	   surface	   enhanced	   Raman	  
spectroscopy	   (SERS).	   	   Metal	   nanoparticles	   dimers	   were	   synthesized	   that	  
incorporate	   SERS	   reporters	   selectively	   at	   the	   junction	   between	   the	   two	   metallic	  
spheres,	   where	   signal	   enhancement	   is	   at	   its	   maximum.	   	   The	   resulting	   dimeric	  
structures	   incorporate	   aptamers	   (aptatags)	   or	   antibodies	   (antitags)	   as	   the	  
recognition	   elements.	   	   Preparation	   of	   suitable	   sensing	   surfaces	   will	   enable	   target	  
detection	   down	   to	   the	   level	   of	   a	   few	  molecules.	   	   Furthermore,	   by	   correlating	   the	  
optical	  signatures	  of	  the	  reporting	  chromophore	  with	  the	  selectivity	  of	  the	  agent	  on	  
the	   antitag	   or	   aptatag	   surface,	   it	   should	   be	   possible	   to	   develop	   a	   single	   sensing	  
surface	  capable	  of	  identifying	  multiple	  proteins	  in	  complex	  mixtures.	  

All	  of	   the	  objectives	  stated	   in	   the	  original	  proposal	  were	  achieved.	   	  Notable	  
highlights	   include	   the	   fine-‐tuning	   of	   chemical	   steps	   to	   produce	   antitags	   with	  
femtomolar	  detection	  thresholds	  and	  the	  demonstration	  of	  multiplexed	  assays	  with	  
very	  high	  levels	  of	  selectivity.	  	  A	  key	  element	  for	  the	  design	  of	  these	  highly	  sensitive	  
SERS	   reporters	   involve	   simple	   to	   carry	   out	   surface	   passivation	   chemistry	   using	  
thiolated	  polyethyleneglycol	  prior	  to	  the	  purification	  steps.	  	  	  

Scientific	  Progress	  and	  Accomplishments	  
Innovative	   biosensory	   approaches	   based	   on	   the	   properties	   of	   colloidal	  

nanoparticle	   (NP)	   assemblies	   have	   emerged	   with	   the	   potential	   to	   reach	   single-‐
molecule	  detection	  thresholds.1,2	  Methodologies	  based	  on	  surface	  enhanced	  Raman	  
spectroscopy	  (SERS)	  benefit	  from	  the	  electromagnetic	  field	  enhancement	  due	  to	  the	  
collective	   excitation	   of	   electrons	   in	   metallic	   nanostructures.3,4	   This	   enhancement	  
can	   occur	   within	   inter-‐nanoparticle	   gaps,4b,5	   and	   several	   strategies	   exist	   for	  
achieving	  the	  requisite	  assemblies.6-‐8	  Another	  useful	  distinguishing	  feature	  of	  SERS-‐
based	  detection	  strategies	  arises	  from	  the	  narrow	  spectral	  bandwidths.8c,9	  	  

We	   reported	   in	   previous	   progress	   reports	   multi-‐NP	   structures	   termed	  
¨antitags¨	   that	   incorporate	   SERS	   reporters	   within	   suitable	   intersticial	   sites	   and	  
antigen-‐specific	   recognition	   elements	   for	   protein	   detection	   in	   heterogeneous	  
assays.10	  Antitags,	   as	   shown	   in	  Figure	  1a,	   consist	  of	   silver	  NPs	   (typically	  ~35-‐nm)	  
held	   together	   by	   a	   dithiolated	   linker	   and	   an	   antibody-‐functionalized	   polyethylene	  
glycol	   (PEG)	   coating.	   This	   thin	   layer	   is	   bifunctional	   by	   design,	   and	   contains	   thiol	  
groups	  for	  binding	  to	  the	  NP	  surface	  and	  carboxylic	  functionalities	  for	  coupling	  with	  
suitable	  antibody	  probes.	  
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Figure 1. (a) Schematic illustration of the antibody functionalized antitags. (b) 

SERS-based ELISA-analog detection. Human α-thrombin (Thr) antigen (yellow) is 
exposed to an epoxy functionalized glass substrate modified with a covalently 
immobilized layer of human α-thrombin mouse monoclonal capturing antibodies (pink). 
The surface-bound Thrs subsequently couple with antitags via specific protein/antibody 
interactions. Drawing is not to scale. 

	  
Antitags	   have	   enabled	   sensitive	   SERS	   analogs	   of	   the	   enzyme-‐linked	  

immunosorbent	   assay	   (ELISA).	   Picomolar	   detection	   limits	   have	   been	   reported.10	  
The	   overall	   action	   of	   the	   bioassay	   is	   depicted	   in	   Figure	   1b	   and	   is	   based	   on	   the	  
binding	   specificity	   of	   antibody/antigen	   pairs	   and	   the	   amplification	   properties	   of	  
SERS.	  The	  procedure	  is	  described	  below	  in	  more	  detail.	  Figure	  1a	  shows	  an	  idealized	  
NP	  dimer,	  but	   it	  should	  be	  noted	  that	  higher	  order	  aggregates	  can	  also	  function	  as	  
long	   as	   they	   do	   not	   non-‐specifically	   bind	   to	   the	   assay	   substrate.	   	   It	   is	   also	  worth	  
pointing	   out	   that	   the	   ability	   to	   utilize	   different	   SERS	   labels	   paves	   the	   way	   for	  
multiplexed	  detection	  on	  a	   single	   sensing	   surface,	   a	   feature	   currently	  not	  possible	  
with	   the	   colorimetric	   or	   fluorometric	   ELISA	   counterparts.10	   During	   this	   previous	  
funding	   period,	   and	   described	   in	   more	   detail	   below,	   we	   have	   shown	   important	  
improvements	  in	  antitag	  sensitivity	  by	  properly	  managing	  surface	  properties	  so	  that	  
aggregation	  is	  minimized.	  	  	  

Antitags	  have	  been	  previously	  prepared	  by	  the	  sequence	  of	  steps	  highlighted	  
in	  blue	  as	   shown	   in	  Figure	  2.10	  Biphenyl-‐4,4’-‐dithiol	   (DBDT)	  was	   first	  used	   to	   link	  
the	  NPs	  together,	  step	  (i),	  and	  to	  serve	  as	  the	  SERS	  reporter.	  After	  centrifugation	  and	  
isolation,	  step	  (ii),	  NP	  dimers	  and	  higher	  aggregates	  were	  stabilized	  by	  the	  addition	  
of	   thiolated	   carboxylic-‐polyethylene	   glycol	   (HS-‐PEG-‐COOH),	   step	   (iii).	   This	   step	  
minimizes	   protein-‐induced	   NP	   aggregation	   in	   subsequent	   treatments11	   and	  
incorporates	   carboxylic	   functionalities	   that	   serve	   to	   anchor	   antibodies,	   as	   in	   step	  
(iv),	   via	   carbodiimide-‐mediated	   amidation.12	   An	   additional	   methoxy-‐terminated	  
PEG	   layer,	  step	  (v),	   is	   included	  to	   further	  stabilize	   toward	  against	   ligand	  exchange	  
and	   aggregation.4b,13	   However,	   examination	   of	   different	   batches	   revealed	   that	   the	  
conditions	   used	   for	   centrifugation	   could	   influence	   the	   final	   distribution	   of	   NP	  
aggregates,	  i.e.	  the	  ratio	  of	  monomer,	  dimer,	  trimer,	  and	  higher	  order	  species.	  
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Figure	  2.	  Schematic	  of	  the	  preparation	  of	  SERS	  active	  antitags	  via	  new	  (red)	  

and	  previous6	  (blue)	  procedure.	  
	  
To	  address	   the	  batch	   to	  batch	  variability	  described	  above,	  a	  modified	  SERS	  

antitag	  synthetic	  procedure	  was	  examined.	  	  The	  new	  process	  is	  highlighted	  in	  red	  in	  
Figure	   2.	   Essentially,	   HS-‐PEG-‐COOH	   is	   added	   to	   the	   reaction	   mixture	   prior	   to	  
centrifugation	   with	   the	   idea	   that	   surface	   passivation	   via	   incorporation	   polar	  
functionalities	  and	  steric	  bulk	  would	  prevent	  undesired	  aggregation.14	  Subsequent	  
procedures	  after	  the	  colored	  sequences	  in	  Figure	  2	  were	  kept	  similar.	  

Figure	   3	   shows	   transmission	   electron	   microscopy	   (TEM)	   images	   collected	  
from	   the	   NP	   distributions	   obtained	   via	   the	   two	   procedures	   in	   Figure	   2.	   These	  
micrographs	  show	  that	  the	  preventive	  coating	  HS-‐PEG-‐COOH	  prior	  to	  centrifugation,	  
i.e.	  the	  red	  sequence	  of	  steps	  in	  Figure	  2,	  yields	  a	  distribution	  of	  aggregates	  biased	  
toward	  smaller	  number	  of	  incorporated	  NPs.	  
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Figure	   3.	   a)	   TEM	   micrographs	   of	   NPs	   obtained	   via	   centrifugation/	  

passivation	  (i)	  and	  passivation/centrifugation	  (ii).	  b)	  Close	  up	  images	  of	  PEG	  coated	  
NPs	  by	  (i)	  and	  (ii)	  process.	  

	  
We	  utilized	  the	  sandwich	  assay	  shown	  in	  Figure	  1b	  to	  detect	  the	  presence	  of	  

human	  a-‐thrombin	  (Thr)	  antigen	  and	  thus	  demonstrate	  the	  sensing	  function	  of	  the	  
new	  antitags.	   In	   this	   approach,	   the	  protein	   is	   first	   captured	  by	  human	  a-‐thrombin	  
mouse	   monoclonal	   antibodies	   immobilized	   on	   an	   epoxy-‐functionalized	   glass	  
substrate.	   Antitags	   with	   the	   reporting	   antibody	   specifically	   bind	   to	   the	   surface-‐
bound	  Thr	  antigens.	  After	  washing	  away	  unbound	  antitags,	   the	  Raman	  signals	  can	  
be	  correlated	  to	  surface	  bound	  Thr.	   	  Concentrations	  of	  102,	  103,	  104,	  105,	  106	  fM	  of	  
Thr	  were	  examined	  using	  the	  diagnostic	  fingerprint	  of	  DBDT-‐Raman	  reporter	  (1589	  
cm-‐1),	   as	   obtained	   with	   a	   633	   nm	   laser	   source	   and	   1	   s	   exposure	   time.	   Figure	   4	  
displays	   representative	   spectra	   for	   the	   thrombin	   detection	   platform	   using	   the	  
improved	  antitags.	  

Inspection	   of	   Figure	   4	   shows	   that	   the	   intensity	   of	   the	   peak	   increases	  with	  
increasing	   Thr	   concentration.	   Figure	   5	   provides	   a	   more	   quantitative	   measure	   by	  
plotting	  the	  ratio	  of	  the	  1589	  cm-‐1	  peak	  intensity	  in	  the	  presence	  and	  absence	  of	  Thr	  
as	   a	   function	   of	   concentrations.	   Each	   data	   point	   represents	   the	   average	   of	   four	  
measurements	   from	   15mm	   x	   15mm	   surfaces	   on	   the	   same	   substrate.	   A	   control	  
sample	  was	  prepared	  under	  the	  same	  assay	  conditions	  with	  the	  absence	  of	  Thr	  (red	  
curve	   in	   Figure	   4).	   Differentiation	   between	   control	   samples	   and	   thrombin	   coated	  
surfaces	  exhibits	  a	  detection	  range	  from	  picomolar	  to	  femtomolar	  levels.	  The	  error	  
bars	  represent	   the	  standard	  deviation	  as	  obtained	   from	  three	  different	  substrates.	  
This	   dose-‐response	   curve	   was	   fitted	   linearly	   with	   a	   resulting	   R	   square	   value	   of	  
0.9962.	  The	  100	  fM	  limit	  of	  detection	  (LOD)	  is	  based	  on	  a	  3:1	  threshold	  ratio	  with	  
respect	  to	  the	  control	  measurement.	  

a)

b)

(i) (ii)
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Figure	   4.	   Representative	   results	   from	   the	   SERS-‐based	   immunoassay	  

detection	  of	   thrombin	  collected	  at	  different	  protein	  concentrations:	  102	  fM,	  103	   fM,	  
104	  fM,	  105	  fM	  and	  106	  fM.	  The	  control	  sample	  (0	  fM)	  is	  obtained	  in	  the	  absence	  of	  
thrombin.	  

	  
Figure	   5.	   Dose-‐response	   curve	   from	   the	   antibody-‐antigen	   binding	   affinity	  

using	   a	   range	   of	   thrombin	   concentrations	   (100fM-‐1	   nM).	   The	   best-‐fit	   line	   is	   as	  
follows:	   y=1.9688	   x	   –	   5.2298	   (R2=0.9962).	   The	   error	   bars	   represent	   the	   standard	  
deviation.	   Ratio	   is	   the	   coefficient	   between	   the	   1589	   cm-‐1	   peak	   intensity	   in	   the	  
presence	  and	  absence	  of	  the	  protein.	  

The	  results	  shown	  in	  Figure	  5	  demonstrate	  that	  using	  antitags	  prepared	  via	  
the	   new	   procedure	   offers	   more	   than	   a	   100-‐	   and	   1000-‐fold	   improvement	   in	   the	  
detection	   limit	   over	   that	   achievable	   with	   commercially	   available	   ELISA	   kits	   (~10	  
pM)15	   and	   the	   performance	   of	   antitags	   prepared	   via	   the	   previous	   synthetic	   route	  
(100	  pM),	  respectively.10	  In	  addition,	  this	  assay	  provides	  higher	  sensitivity	  than	  the	  
previous	  literature	  report	  of	  0.5	  pM.2d,16	  

	  

	  

	  

	  

0

40

80

120

160

200

1500 1550 1600 1650 1700
In

te
ns

ity
Raman Shift / cm-1

106 fM

105 fM

104 fM

103 fM

102 fM

0 fM

1

3

5

7

3 4 5 6

R
at

io

log [Thr (fg/mL)]



	   6	  

References	  
1 a)	   N.	   L.	   Rosi,	   C.	   A.	   Mirkin,	   Chem.	  Rev.	  2005,	  105,	   1547-‐1562;	   b)	   E.	   Katz,	   I.	  

Willner,	  Angew.	  Chem.	  Int.	  Ed.2004,	  43,	  6042-‐108;	  c)	  J.	  Wang,	  Small	  2005,	  1,	  
1036-‐1043;	  d)	  J.	  J.	  Storhoff,	  R.	  Elghanian,	  R.	  Mucic,	  C.	  A.	  Mirkin,	  R.	  L.	  Letsinger,	  
J.	   Am.	   Chem.	   Soc.	   1998,	  120,	   1959-‐1964;	   e)	   T.	   A.	   Taton,	   C.	   A.	   Mirkin,	   R.	   L.	  
Letsinger,	  Science	  2000,	  289,	  1757-‐1760;	   f)	  R.	  Narayanan,	  R.	   J.	  Lipert,	  M.	  D.	  
Porter,	  Anal.	  Chem.	  2008,	  80,	  2265-‐2271.	  	  

2 a)	  S.	  I.	  Stoeva,	  J.	  –S.	  Lee,	  J.	  E.	  Smith,	  S.	  T.	  Rosen,	  C.	  A.	  Mirkin,	  J.	  Am.	  Chem.Soc.	  
2006,	  128,	  8378-‐8379;	  b)	  C.	  Xie,	  F.	  Xu,	  X.	  Huang,	  C	  Dong,	  J.	  Ren,	  J.	  Am.	  Chem.	  
Soc.	  2009,	  131,	  12763-‐12770;	  c)	  A.	  Ambrosi,	  M.	  T.	  Castaneda,	  A.	  J.	  Killard,	  M.	  
R.	   Smyth,	   S.	   Alegret,	   A.	  Merkoci,	  Anal.	  Chem.	   2007,	  79,	   5232-‐5240;	   d)	  A.	   R.	  
Bizzarri,	  S.	  Canistraro,	  Nanomedicine:	  Nanotechnol.,	  Biol.,	  Med.	  2007,	  3,	  306-‐
310.	  

3 M.	  Moskovits,	  J.	  Raman	  Spectrosc.	  2005,	  36,	  485-‐496.	  
4 a)	  J.	  N.	  Anker,	  W.	  P.	  Hall,	  O.	  Lyandres,	  N.	  C.	  Shanh,	  J.	  Zhao,	  R.P.	  Van	  Duyne,	  Nat.	  

Mater.	   2008,	  7,	   442-‐453;	   b)	  X.	  M.	  Qian,	   S.	  M.	  Nie,	  Chem.	  Soc.	  Rev.	   2008,	  37,	  
912-‐920;	  c)	  A.	  Campion,	  P.	  Kambhampati,	  Chem.	  Soc.	  Rev.	  1998,	  27,	  241-‐250.	  

5 a)	  E	  Hao,	  G.	  C	  Schatz,	  J.	  Chem.	  Phys	  2004,	  120,	  357-‐366;	  b)	  K.	  Kneipp,	  Y.	  Wang,	  
H.	  Kneipp,	  L.	  T.	  Perelman,	  L.	  Itzkan,	  R.	  Desari,	  M.	  S.	  Feld	  Phys.	  Rev.	  Lett.	  1997,	  
78,	  1667-‐1670;	  c)	  E.	  C.	  Le	  Ru,	  M.	  Meyer,	  P.	  G.	  Etchegoin	  J.	  Phys.	  Chem.	  B	  2006,	  
110,	  1944-‐1948;	  d)	  J.	  A.	  Dieringer,	  K.	  L.	  Wustholz,	  D.	  J.	  Masiello,J.	  P.	  Camden,	  
S.	   L.	   Kleinmann,	   G.	   C.	   Schatz,	   R.	   P.	   Van	  Duyne,	   J.	  Am.	  Chem.	  Soc.	   2009,	  131,	  
849-‐854.	  

6 (a)	   C.	   S.	   Thaxton,	   R.	   Elganhanian,	   A.	   D.	   Thomas,	   S.	   I.	   Stoeva,	   J.	   S.	   Lee,	   N.	   D.	  
Smith,	  A.	  J.	  Schaeffer,	  H.	  Kolcker,	  W.	  Horninger,	  G.	  Bartsch,	  C.	  A.	  Mirkin,	  Proc.	  
Natl.	  Acad.	  Sci.	  U.S.A.	   2009,	  106	   (44),	   18347-‐18442;	   b)	  R.	  G.	   Freeman,	  K.	   C.	  
Grabar,	  K.	  J.	  Allison,	  R.	  M.	  Bright,	  J.	  A.	  Davis,	  A.	  P.	  Guthrie,	  M.	  B.	  Hommer,	  M.	  A.	  
Jackson,	  P.	  C.	  Smith,	  D.	  G.	  Walter,	  M.	  J.	  Natan,	  Science	  1995,	  267,	  1629-‐1632;	  
c)	  J.C.	  Hulteen,	  D.	  A.	  Treichel,	  M.	  T.	  Smith,	  M.	  L.	  Duval,	  T.	  R.	  Jensen,	  R.	  P.	  Van	  
Duyne,	  J.	  Phys.	  Chem.	  B	  1999,	  103,	  3854-‐3863;	  d)	  H.	  Ko,	  V.	  V.	  Tsukruk,	  Small	  
2008,	  4,	  1980-‐1984;	  e)	  A.	  M.	  Gobin,	  M.	  H.	  Lee,	  N.	   J.	  Halas,	  W.	  D.	   James,	  R.	  A.	  
Drezek,	   J.	   L.	  West,	  Nano	  Lett.	   2007,	  7,	   1929-‐1964;	   f)	   G.	   Braun,	   S.	   J.	   Lee,	   T.	  
Laurence;	   N.	   Fera,	   L.	   Fabris,	   G.	   C.	   Bazan,	  M.	  Moskovits,	   N.	   O.	   Reich,	   J.	  Phys.	  
Chem.	  C	  2009,	  113,	  13622-‐13629;	  g)	  P.	  L.	  Stiles,	  J.	  A.	  Dieringer,	  N.	  L.	  Shah,	  R.	  P.	  
Van	  Duyne,	  Ann.	  Rev.	  Anal.	  Chem.	   2008,	  1,	   601-‐626;	   h)	  M.	  K-‐	  Banolzer,	   J.	   E.	  
Millstone,	  C.	  A.	  Mirkin,	  Chem.	  Soc.	  Rev.	  2008,	  37,	  885-‐897.	  

7 a)	  S.	   J.	  Koh,	  Nanoscale	  Res.	  Lett.	  2007,	  2,	  519-‐545;	  b)	  M-‐C.	  Daniel,	  D.	  Astruc,	  
Chem.	  Rev.	  2004,	  104,	  293-‐346;	   c)	  N.	  L.	  Rosi,	  C.	  A.	  Mirkin,	  Chem.	  Rev.	  2005,	  
105,	  1547-‐1562;	  d)	  H.	  Wang,	  C.	  S.	  Levin,	  N.	   J.	  Halas,	   J.	  Am.	  Chem.	  Soc.	  2005,	  
127,	  14992-‐14993;	  e)	  J.	  M.	  Nam,	  C.	  S.	  Thaxton,	  C.	  A.	  Mirkin,	  Science	  2003,	  301,	  
1884-‐1886;	  f)	  G.	  Lin,	  J.	  Wang,	  J.	  Kim,	  M.	  Jan,	  G.	  Gollins,	  Anal.	  Chem.	  2004,	  76,	  
7126-‐7130;	  g)	  L.	  Fabris,	  M.	  Dante,	  G.	  Braun,	  S.	  J.	  Lee,	  N.	  O.	  Reich,	  M.	  Moskovits,	  
T.	  Q.	  Nguyen,	  G.	  C.	  Bazan,	  J.	  Am.	  Chem.	  Soc.	  2007,	  129,	  6086-‐6087.	  



	   7	  

8 a)	  X.	  Zhang,	  M.	  A.	  Young,	  O.	  Lyandres,	  R.	  P.	  Van	  Duyne,	  J.	  Am.	  Chem.	  Soc.	  2005,	  
127,	   4484-‐4489;	  b)	  Y.	   C.	   Cao,	  R.	   Jin,	   C.	  A.	  Mirkin,	  Science	   2002,	  297,	   1536-‐
1540;	  c)	  X.	  Qian,	  X.	  –H.	  Peng,	  D.	  O.	  Ansari,	  Q.	  Yin-‐Goen,	  G.	  Z.	  Chen,	  D.	  M.	  Shin,	  L.	  
Yang,	  A.	  N.	  Young,	  M.	  D.	  Wang,	  S.	  Nie,	  Nat.	  Biotehnol.	  2008,	  26,	  83-‐90;	  d)	  W.	  E.	  
Doering,	  M.	  E.	  Piotti,	  M.	  J.	  Natan,	  R.	  G.	  Freeman,	  Adv.	  Mater.	  2007,	  19,	  3100-‐
3108;	  e)	  T.	  Vo-‐Dinh,	  D.	  I.	  Stokes,	  Surface-‐Enhanced	  Raman	  Scattering	  (SERS)	  
for	   Biomedical	   Diagnosis.	   In	   Biophotonics	   Handbook;	   T.	   Vo-‐Dinh,	   Ed.;	   CRC	  
Press,	  Boca	  Raton,	  FL,	  2003;	  f)	  Y.	  Wang,	  H.	  Wei,	  B.	  Li,	  W.	  Ren,	  S.	  Guo,	  S.	  Dong,	  
E.	  Wang,	  Chem.	  Commun.	  2007,	  28,	  5220-‐5222;	  g)	  X.	  X.	  Han,	  L.	  J.	  Cai,	  J.	  Guo,	  C.	  
X.	  Wang,	  W.	  D.	  Ruan,	  W.	  Y.	  Han,	  W.	  Q.	  Xu,	  B.	  Zhao,	  Y.	  Ozaki,	  Anal.	  Chem.	  2008,	  
80,	  3020-‐3024.	  

9 D.	   Graham,	   B.	   J.	   Mallinder,	   D.	  Whitcombe,	   N.	   D.	  Watson,	  W.	   E.	   Smith,	  Anal.	  
Chem.	  2002,	  74,	  1069-‐1074.	  

10 N.	  Guarrotxena,	  B.	  Liu,	  L.	  Fabris,	  G.	  C.	  Bazan	  Adv.	  Mater.	  2010,	  22,	  4954-‐4958.	  
11 D.	  Zhang,	  O.	  Neumann,	  H.	  Wang,	  V.	  M.	  Yuwono,	  A.	  Barhoumi,	  M.	  Perham,	  J.	  D.	  

Hartgerink,	  P.	  Wittung-‐Stafshede,	  N.	  J.	  Halas,	  NanoLett.	  2009,	  9,	  666-‐671.	  	  
12 a)	   J.	   Wang,	   Anal.	   Chim.	   Acta	   2003,	   500,	   247-‐257;	   b)	   G.	   T.	   Hermanson,	  

Bioconjugate	  Techniques,	  Academic	  Press,	  San	  Diego,	  1996;	  c)	  R.	  A.	  Sperling,	  
T.	  Pellegrino,	  J.	  K.	  Li,	  W.	  H.	  Cang,	  W.	  J.	  Parak,	  Adv.	  Funct.	  Mater.	  2006,	  16,	  943-‐
948.	  

13 P.	  Wuelfing,	  S.	  E.	  Gross,D.	  T.	  Miles,	  R.	  W.	  Murray,	  J.	  Am.	  Chem.Soc.	  1998,	  120,	  
12696-‐12697.	  	  

14 a)W.	  J.	  Parak,	  D.	  Gerion,	  D.	  Zanchet,	  A.	  S.	  Woerz,	  T.	  Pellegrino,	  C.	  Michael,	  S.	  C.	  
Williams,	  M.	  Seitz,	  R.	  E.	  Bruehl,	  Z.	  Bryant,	  C.	  Bustamante,	  C.	  R.	  Bertozzi,	  A.P.	  
Alivisatos,	   Chem.	   Mater.	   2002,	   14,	   2113-‐2119;	   b)	   A.	   G.	   Kanaras,	   F.	   S.	  
Kamounah,	   K.	   Schaumburg,	   C.	   J.	   Kiely,	  M.	   Brust,	  Chem.	  Commun.,	   2002,	  20,	  
2294-‐2295.	  

15 For	  an	  example	  see:	  www.assaypro.com,	  Assay	  Max	  Human	  Thrombin	  ELISA	  
kit.	  

16 X.	  Zhang,	  S.	  Li,	  X.	  Jin,	  S.	  Zhang,	  Chem.	  Commun.	  2011,	  47,	  4929-‐4931.	  
	  


